ABSTRACT -Dislocations limit solar cell performance by decreasing minority carrier diffusion length, leading to inefficient charge collection at the device contacts [1]. However, studies have shown that the recombination strength of dislocation clusters within millimeters away from each other can vary by orders of magnitude [2] . In this contribution, we present correlations between dislocation microstructure and recombination activity levels which span close to two orders of magnitude. We discuss a general trend observed:
I. INTRODUCTION
Detrimental defects in multicrystalline silicon (mc-Si) substantially reduce the potential to produce high-efficiency solar cells. Among the most deleterious defects are dislocations, specifically when found in high densities (10 5 -10 8 cm -2 ), which limit the minority carrier lifetime. The interaction of dislocations with deep-level impurities is known to enhance dislocation recombination activity [3] . However, this interaction is not a homogeneous characteristic of all dislocations, and has been shown to vary significantly even in adjacent regions within a mc-Si wafer [4, 5] . Herein we explore the root causes for these variations and propose a proxy based on the geometry of chemically-revealed dislocation etch pits that correlates with the recombination activity of dislocation clusters.
II. MATERIALS AND METHODS

A. Electrical characterization of dislocation clusters
In this study, a 5×5 cm 2 p-type mc-Si sample was processed into a solar cell device for electrical characterization. Light beam induced current (LBIC) measurements were converted to internal quantum efficiency maps to map the recombination activity of line defects.
Dislocation etch pits were revealed after sample polishing via a Secco etching solution, done for 60 seconds.
The etch pits were imaged with an optical microscope at a pixel resolution of 0.74 µm and then stitched together. The resulting image was then input into a MATLAB code to calculate the dislocation etch pit density [6] .
Lastly the electrical recombination strength, or Γ value, of five different dislocation clusters was measured. The quantification is performed by extending Donolato's model for minority carrier diffusion length as a function of dislocation density via a PC1D model, as described in [5, 7] .
B. Geometry analysis of dislocation etch pits
High-magnification images, with a resolution of 0.15 µm were taken for a geometrical analysis of the dislocation etch pits. We expanded the MATLAB capabilities of our dislocation counting code to approximate and fit circular or elliptical shapes of etch pits. Eccentricity was measured and ranged from zero (for a circular etch pit), to one (for an elongated ellipse).
C. Impurity decoration at line defects
Micro X-Ray Fluorescence (µ-XRF) measurements were carried out at the Advanced Photon Source at Argonne National Laboratory. An X-ray energy of 10 keV was employed to probe for different transition metals.
D. Cluster microstructure analysis
Electron Backscatter Diffraction (EBSD) was used to study the grain orientations containing the different dislocation clusters. Histograms of the eccentricity values at each cluster are shown in Fig. 1 . The range value denoted in each histogram corresponds to the eccentricity variation between 5 th and 95 th percent of the data acquired. The eccentricity variation (range) as a function of recombination strength of the respective clusters is shown in Fig. 2 . The bars are color-coded in accordance to the orientation of the grain in which the dislocation cluster was found. The orientations found were close to (212) for cluster A, (112) for B, D and E, and (101) for cluster C. µ-XRF results shown in [8] reveal a total of 0 Cu-rich particles were detected in the surveyed area for cluster A, 12 Cu-rich particles in the area comprehending cluster C, and 6 Cu-rich particles in the area of cluster E.
TEM results shown in [8] elucidate parallel line-segments for the dislocations analyzed in cluster A. For cluster E, we observe a high degree of dislocation line interaction and curvature variations, suggesting a high degree of disorder within the dislocation core structure.
IV. DISCUSSION
The results obtained herein and detailed in [8] suggest that the eccentricity variation of etch pits at each dislocation cluster can serve as a fair predictor to determine the degree of order in the bulk structure of a dislocation cluster. Furthermore, we observe that increasing variation in eccentricity values correlates with a higher recombination strength.
Based on EBSD plane trace analysis, we believe that dislocations in low-Γ clusters have reached a low-energy configuration by means of reaching the recovery state of polygonization. We hypothesize that this state results in a reduced strain energy of the system, leading to an increased nucleation barrier for precipitation.
IV. CONCLUSION
The variation of etch-pit geometry at the surface appears to be a fair proxy to determine the recombination strength of a dislocation cluster. This framework for predicting dislocation recombination activity based on a microstructure order/disorder resembles the framework for grain boundaries, where decoration has been shown to increase at grain boundaries with higher Σ value in the Coincident Site Lattice model [9, 10] .
